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The motivation for this research was to support laboratory-scale experiments of hydraulic fracture in permeable rock being conducted at the Shell Exploration and Production Research Company in Houston, Texas, for the Gas Research Institute (GRI) (5) . The main objectives of the Shell/GRI Hydraulic Fracture project are to advance the fundamental understanding of the fracture mechanisms that control the hydraulic fracturing process and to provide insight into the parameters that exert the greatest degree of control over that process. In particular, the sensors designed in this project are intended to monitor 460-mm cubic rock samples that are tested in a polyaxial load cell. The exterior surfaces do not have stress-free boundaries; hence the surfaces are not available for sensor mounting. The embedded sensor was developed to be mounted inside predrilled holes in the specimen.
The sensors developed during this project are wideband, highfidelity displacement sensors, which have a flat frequency response over a broad frequency range. By using a high-fidelity sensor, the inverse problem of determining the source function from remote measurements can be solved (4) . Traditionally, AE studies used resonant sensors because they provide great sensitivity near the resonant frequency, but the great amplitude boost at resonance also eliminates the bandwidth needed to analyze the incoming waveforms with sufficient rigor. Resonant sensors provide a reasonably accurate estimate of the AE time of arrival, but beyond this information the received signal is more a function of the sensor than of crack kinematics (6 ) . AE evaluation with resonant sensors "is empirical, relies on correlations, and suffers from a very thin causal science basis" (4) .
DESIGN CONSIDERATIONS FOR AN EMBEDDABLE PIEZOELECTRIC AE SENSOR
The design objectives for the embedded sensor, a schematic of which is presented in Figure 1 , are as follows:
• The sensor should accurately measure particle motion in the frequency band 10 KHz to 1 MHz with minimal ringing. The frequency response should be within several decibels over this range.
• The sensor should measure only motions normal to the monitored surface because a sensor that responds to more than one variable outputs signals almost impossible to interpret.
• The sensor should have sufficiently high sensitivity and signalto-noise ratio to detect the AE encountered during hydraulic fracture testing.
A unique embeddable high-fidelity transducer is introduced here, presenting design parameters and National Institute of Standards and Technology (NIST) calibration. Traditionally, acoustic emission studies are conducted by placing an array of sensors on the surface of the specimen being tested, but the physical constraints of many practical testing geometries preclude surface placement of sensors. Advantages of embedded sensors include the following: (a) mode conversion is avoided so the measured waveforms are simpler and easier to interpret; (b) the sensor(s) can be located close to the area of crack growth; (c) a greater length of signal can be recorded before being contaminated by surface reflections/mode conversions; (d) embedded sensors may be less susceptible to accidental movement or damage; and (e) embedded sensors can be used when free surfaces are not accessible. To date no such transducers have been available. As a surface sensor, the device is sensitive to partial displacement; as an embedded sensor, the device is sensitive to particle velocity. The presented design yields sensitivity equal to commercial resonant devices (2.34-V output per mm per s embedded; 2.8 V/nm surface) while maintaining the high-fidelity of the NIST displacement sensors (±2.5 dB from 10 KHz to 1 MHz). The embedded response is calibrated with the theoretical solution for Lamb's problems.
Acoustic emissions (AE) are elastic strain waves generated by rapid release of strain energy during fracture propagation and internal deformations in materials (1-3). The study of AE is analogous to seismologists' study of earthquakes, although on a much smaller scale-displacements from AE generally range between 10 −13 and 10 −9 m-and with different boundary conditions. The wave motion transmitted by AE contains information about the location and characteristics of the defect and the host material itself (4); therefore, accurate transduction of the transmitted kinetics is necessary to fully evaluate AE waveforms. High-fidelity sensors yield waveforms that allow distinction between the arrival of different components of the different modes of propagating waves as well as subtle distinctions about source kinematics such as fracture duration, orientation, mode, and so forth. The issues involved with designing wideband embeddable AE sensors and a design that can be used to place a wideband sensor inside the material being monitored are described. To date, AE work has been limited to sensors mounted on the exterior of the specimen; however, in some testing geometries exterior surfaces may not be accessible. Some benefits to using an embedded sensor are as follows:
• The sensor is closer to the location of crack growth, reducing signal losses due to spreading, scattering, and dispersion.
• The arriving waveform is free from mode conversion along the surface being monitored (e.g., the Rayleigh wave, which contains much of the AE energy measured by surface sensors).
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Commonly used polycrystalline piezoelectric materials (ferroelectrics) such as lead zirconate titanate (PZT) do not ordinarily exhibit piezoelectric properties, because the electric dipoles of individual grains are randomly oriented, averaging to zero. To align the electric dipoles in these materials, they must be subjected to an intense electric field while being heating past the Curie temperature and then cooled. If a ferroelectric material is later subjected to temperatures near the Curie temperature, the electric dipoles will tend to become randomly oriented depending on the temperature reached and how long it was maintained (9) .
Elastic wave theory predicts that in an unbounded elastic material the strain is in phase with particle velocity (10); thus, one would expect that a cylindrically shaped piezoelectric element with acoustic properties similar to those of the host material would sense surface velocity instead of displacement. However, the conical piezoelectric element developed by the National Institute of Standards and Technology (NIST) responds only to normal displacement when the backing mass is isolated from direct motion (8, 11) . For this project the NIST conical element was chosen for use in the embedded sensor. The principal reasons for selecting the conical element are as follows:
• The conical element responds only to a single variable (11) .
• The conical element has a small aperture (1.5 mm).
• The conical geometry reduces the degeneracies of the normal modes of a cylindrical element (8) .
• This element has been studied extensively and shown to give a flat frequency response over the frequency range of interest (8, (11) (12) (13) .
The conical element is 2.5 mm tall, 1.5 mm in diameter at the tip, and 6 mm in diameter at the base (11) . The piezoelectric material used is PZT-5A, a material widely used for ultrasonic transducers and AE sensors. Both the tip and the base of the element are plated with a thin layer of fired nickel, to which electrical and mechanical connections can be made. The stiffness of the conical piezoelectric element has been estimated to be 1.1 × 10 8 N/m (6). The undamped natural frequency calculated from these parameters is 11.8 KHz, and the damped natural frequency is 8.4 KHz, assuming a damping ratio of 0.7. Signals measured on the steel calibration plate suggest a damped natural frequency of about 5 KHz.
Backing Mass Design
To relate strain to the displacement of the host material, it is desired to hold the back end of the piezoelectric element fixed. A massive body is attached to the back of the piezoelectric element to provide this function over the frequency range of interest. Without this backing mass, the piezoelectric element could not detect low-frequency motion of the host material (where the wavelength is long compared with the thickness of the element) because the element would move with the host as a single rigid body. The backing mass is also important for accurately detecting high frequencies, as it absorbs acoustic energy from the piezoelectric element, preventing it from reflecting off the back surface of the element and generating spurious electrical signals. At the same time, the mass must be small enough to be useful for embedment and experimental work.
Acoustic energy is transferred from the host material, through the element, and to the backing mass; it is measured by the piezoelectric • The sensor should be capable of being mounted inside the specimen under test, specifically inside 460-mm cubic rock samples.
• The sensor should be able to accommodate strain and deformation of the host material.
• The sensor must operate in brine pore fluid pressure up to 2 MPa.
Piezoelectric Crystal Design
Piezoelectric materials include many crystalline solids that generate a charge as a function of strain. Piezoelectric materials lack a center of symmetry in their crystal lattice. When subjected to a stress, the resulting strain causes a shift of the centers of negative and positive charge, causing a dipole moment throughout the material. This charge imbalance can be measured with a charge amplifier to convert the charge per time (current) into a proportional voltage. The piezoelectric properties of a crystal can be viewed as a current generator that stores charge by using the capacitance of the crystal (7, 8) . For the energy transmitted from the host material into the sensor to be maximized, the acoustic impedance of the piezoelectric material should be close to that of the host. element along the way. If the acoustic impedance of the piezoelectric and the backing are not well matched, acoustic energy will reflect back into the crystal, causing resonances. Acoustic energy transferred to the backing mass may reflect off the outside surfaces of the backing mass and, if transmitted from the backing mass, back into the piezoelectric, resulting in a spurious signal. Thus, the geometry of the backing mass is an essential part of the design of wideband sensors, because it directly affects how much acoustic energy returns to the piezoelectric element (13) . The backing material used in the embedded sensor is a babbitt alloy, containing 95 percent lead, 4 percent antimony, and 1 percent tin. This material was chosen for high density, good damping properties, and machinability. The backing mass has a cylindrical shape 32 mm long and 9.5 mm in diameter, with a mass of 20 g. One long side is flattened to reduce radial resonance modes and provides a flat surface to mount the preamplifier. The end of the backing that is attached to the piezoelectric element is machined flat with a milling machine and then made as smooth as possible with a very fine abrasive paper backed to an optically flat glass plate. The opposite end of the backing is cut off at 30 degrees to the long axis of the backing mass.
Amplification System
Only a small fraction of the energy released from an AE event ever reaches a sensor. Furthermore, a piezoelectric sensor converts only a fraction of the energy reaching it into an electrical signal. Unless this signal is amplified at the crystal, it will be corrupted by electromagnetic noise and interference in the cable between the sensor and the analog/digital converter. The capacitance of 50-W coaxial cables are in the range of 95 pF/m, and the conical element output impedance is "in the tens of pF range" (14) . Thus, it is quite possible to dissipate the electrical signal into the capacitance of the cabling itself (7, 14) .
The amplification for the embedded sensor consists of an impedance-matching preamplifier inside the sensor casing and an external gain amplifier. The system was originally developed by Shiwa et al. (7) and includes a modification implemented by Fortunko et al. (14) that changed the input shunt resistor on the preamplifier from 1 to 10 MW to more closely match the output impedance of the smaller conical piezoelectric element. A schematic of the circuit design is presented in Figure 2 .
The primary purpose of the preamplifier is to provide current gain to match the very low output impedance of the piezoelectric element to the high amplifier input impedance before the signal is weakened by the capacitance of the coaxial cable. The preamplifier output is sent through RG-174 or RG-316 coaxial cable to the external amplifier, commercially available as Fuji Ceramics Model A1002. The inner electrode of the signal cable serves a dual function: powering the field effect transistor (FET) in the preamplifier and carrying the alternating current signal from the internal preamplifier to the external amplifier. The amplifier has a nominal gain of 55 dB in the normal mode and a gain of 10 dB in the calibration mode. Figure 3 presents the frequency response of the amplification system measured with an impedance analyzer.
Sensor Casing and Mounting
AE sensors are normally enclosed in a case to protect the piezoelectric element and other sensor components from damage. If the case is made of conductive material, it can also provide shielding from electromagnetic noise and interference. The casing for the embedded sensor must perform these functions as well as the following:
• Providing a means to hold the piezoelectric element in close and intimate contact with the host material and support the sensor with the proper orientation; and
• Accommodating the differential movement between the tip of the sensor and the casing-even the differential movement that occurs while curing of the adhesives that fix the casing in place can cause a loss of close and intimate contact (15) .
Ideally, the casing should also provide acoustic isolation between the host material and the backing mass and the piezoelectric element to preclude acoustic energy from entering the sensor except through the area of direct contact between the material and the piezoelectric element. Soft rubber is used to fill the space between the sensor inner structure and the casing. However, for frequencies of interest (10 kHz to 1 MHz), most soft elastomers are excited considerably past their glass transition frequency (16) so that rubber acts as a stiff solid with a P-wave velocity of about 1000 m/s. As a stiff solid, the elastomer transmits body motions directly to the backing mass; when embedded, the sensor is intrinsically responsive to particle velocity.
The sensor casing consists of a piece of 0.45-mm-thick, 16-mmdiameter brass tubing, with soft room temperature vulcanizing (RTV) rubber filling the space between the tubing and internal sensor components, as indicated by the cutaway drawing in Figure 1 . The tubing is cut to a length of 38 mm. The principal advantage of this design is the longitudinal flexibility provided between the outer casing and the sensor, ensuring contact between the sensor tip and the body due to the shear-spring effect. A coupling force of 2 kg was applied to the casing while the adhesive between the sensor and host material cured, which resulted in a small amount of axial displacement between the casing and the internal sensor components. Any movement of the casing during the curing of adhesives would be countered by the compliance of the rubber between the casing and the sensor internal components, maintaining firm and intimate contact between the piezoelectric element and host material. 
MANUFACTURING METHODS
The following are some important aspects of the manufacturing process for producing the embedded sensor. Details are described by Weiss (17) . Although there is no single step that is especially difficult, attention to detail throughout the process is necessary for a usable sensor.
The piezoelectric element is attached to the backing mass with an indium alloy solder having a melting point of about 150°C, well below the PZT-5A Curie temperature of 350°C. The connection is made by placing a thin sheet of solder between the backing and piezoelectric, applying pressure to the tip of the conical element, and heating to 200°C in a vacuum oven. The surfaces of the backing mass and piezoelectric element being joined should be made optically flat to minimize the thickness and variation of the joint (18) . Solder provides a much better acoustic match than epoxy to the materials being joined (13) .
The preamplifier circuit is fixed to the side of the backing mass with epoxy, and a coaxial cable is soldered to the output connections. The backing mass, which carries the electrical signal from the back of the piezoelectric, is connected to the input of the preamplifier. To avoid damaging the solder joint between the piezoelectric and the backing, the input wire is soldered to the backing mass before the piezoelectric element is soldered. All electrical connections are sealed to protect them from being short-circuited by brine that may seep inside the sensor housing.
A wear plate (0.25-mm brass shim stock) is soldered to the front of the sensor to provide an electrical connection between the casing and element tip and to prevent fluid entry. An outward dimple is preformed at the center of the plate to allow protrusion of the sensor tip. A thin layer of solder is attached to the tip of the cone, and the wear plate is positioned over the end of the sensor. The solder connection is completed by momentarily placing a hot, flat piece of aluminum on the wear plate, melting the solder on the tip, and fixing it to the wear plate. The ground connection is made to the brass casing and the potting material is carefully placed between the sensor casing and internals and allowed to cure. The soft potting material is Dow-Corning HS-IV RTV moldmaking rubber. The rubber provides radial support to the internal sensor components, prevents water entry to sensor electrical components, and applies axial force to the sensor components that provides a coupling force to the tip of the conical element. To prevent water seepage between the rubber, signal cable, and outer casing, these surfaces are coated with Dow-Corning Prime Coat 1200 before the rubber is placed, causing the rubber to bond tightly to coated surfaces. The HS-IV rubber, chosen for low shear modulus and low bulk compressibility, is prepared by thoroughly mixing the rubber base with the curing agent in a 10Ϻ1 mass ratio. Air bubbles are removed by placing the rubber in a vacuum for 3 to 5 min. The liquid rubber flows easily and can be placed accurately with a plastic syringe.
CHARACTERIZATION AND CALIBRATION OF AE SENSORS
For some simple geometries, such as an infinite half space and an infinite plate, direct comparison of sensor response to theory can be made because the Green's function of the transfer medium is known. Using a computer program developed by Hsu (19) , the Green's functions for surface and through impulses on a thick plate can be calculated by the ray-trace method (20) . The theory has been validated by Proctor et al. (18) and has been used to quantitatively characterize the nature of several AE calibration sources, including pencil lead and glass capillaries (21). Michaels et al. (22) have demonstrated that deconvolution can be used to characterize the material response from one point to another, provided signals from a known source can first be obtained between the same two points.
Solutions for the half-space problems were first proposed by Lamb (23) and the first complete solution was published by Johnson (24) . A full viscoelastic solution using a propagator method was put forth by Kennett (25) and was used in this study.
Another calibration method is direct comparison of the test response with that of a known sensor. By comparing the tested sensor output with that of a sensor having a known response, it is unnecessary to specifically account for the source or medium characteristics, because they are identical for the reference and test sensors (26 ) . The source is input on the test surface, and signals are recorded for comparison from both (surface-mounted) a "standard" capacitive transducer and the transducer being calibrated.
The most commonly used calibration sources are breaking pencil leads and breaking glass capillary tubes. Breckenridge et al. (21) have measured the rise time of the pencil lead break "step release" to be about 2.5 ms, and the frequency content of the breaking pencil lead is flat to within a few decibels up to 1 MHz. Breaking glass capillaries exhibit a significantly shorter rise time, having a frequency response that is flat within 5 dB up to 3 MHz (21). The most prominent portion of the measured signal due to a step source on an infinite plate or half space is the sharp spike from the surface (Rayleigh) wave.
Calibration with a Steel Plate
Sensor calibration was undertaken on a 50-mm-thick steel plate, with the signal being measured 76 mm from the source. The test plate was 0.6 m 2 , large enough so the recorded signals will be uncorrupted from any side reflections for at least 60 ms. In practice, no side reflections have been observed until about 150 ms, when the Rayleigh wave side reflection arrives. The source was a 0.3-mm mechanical pencil lead. In place of the NIST standard transducer, a large, brass-backed conical sensor, built to NIST standard reference material (SRM) specifications and fully NIST calibrated, was used (2). The piezoelectric element and backing mass of the reference sensor are identical to those used in the NIST SRM, but the amplification system used by the reference sensor is the same as that used in the embedded sensors. Figure 4 shows the signals measured from one of the embedded sensors, BB02, compared with the response of the NIST reference sensor. The source used is the traditional capillary source, providing a near-impulse excitation (21) . The behavior of sensor BB02 mirrors that of the reference sensor. Figure 5 shows the relative frequency response of sensor BB02, obtained by dividing the (complex) Fourier transform of sensor BB02 by the Fourier transform of the reference sensor. Overall, sensor BB02 is about 3 dB less sensitive than the reference sensor, and the entire frequency response is contained between about 5 dB to a frequency of 1.3 MHz.
Note that the overall variability in the frequency ratio is greater at higher frequencies. This is because the magnitude of the higher frequencies are smaller, and the Fourier transforms are more strongly affected by noise and statistical uncertainty. Inspection of the phase shift in Figure 5 shows that the phase shift of sensor BB02 is very similar to the reference sensor. As in the frequency response magnitude, the amount of data scatter is greater at higher frequencies. The high fidelity of our sensors is shown by comparing the response of the above calibration process and a state-of-the-art sensor developed through FHWA funding (6) . This comparison is presented graphically in Figure 6 , where the ringing of the FHWA design is apparent. A comparison of the measured signals to theoretical predictions calculated by Hsu's (19) computer program was used as an additional calibration step. The steel plate used for calibration was modeled so that a direct comparison could be made between theory and measured results. The outcome of this comparison is presented in Figure 7 , where the experimental result is in agreement with the theoretical result.
NIST Surface Calibration of Embeddable Sensor
Absolute surface calibration of the embeddable sensor was done by the Ultrasonics Standards Group, NIST, Gaithersburg, MD (27) . This calibration gives sensor output in terms of free surface displacement and is not strictly valid for embedded behavior. The NIST calibration of the embeddable sensor, presented in Figure 8 as (27) . TRANSPORTATION RESEARCH RECORD 1614 magnitude and phase, shows a response flat from 12 to 960 kHz, with a sensitivity of 2.8 V per nm of displacement. For the phase response, the statistical uncertainty of the measurement is greater than induced phase shift. This calibration is proof that the sensor gives an accurate time measure of very small surface displacements over a broad bandwidth.
Embedded Calibration
A surface-calibrated sensor was embedded in a narrow bore in a large (300 × 300 × 450 mm) block of Dolostone having a V p of 6350 m/s and a Vs of 3370 m/s. Details of the mechanical properties of the rock are presented in Table 1 . The tip of the sensor was 150 mm below the top surface of the block, monitoring motion normal to the top surface. The sensor response to a 42-N step force (capillary break) input on the surface directly above the centerline of the embedded sensor is presented in Figure 9 , with the output given as an absolute particle velocity time history. For comparison, the theoretical particle velocity time history for this scenario is also presented in Figure 9 (L. R. Johnson, personal communication). The theoretical solution accounts for the source kinematics and geometry of the capillary break. The rock material was modeled as a homogeneous half space with Q p-wave = Q s-wave = 50. Because this is the first time experimental waveforms for this geometry are given, the only way to calibrate the embedded response of the sensor is to compare experimental sensitivity with the theoretical sensitivity of the embedded sensor. Comparison of theoretical particle velocity history and sensor output voltage at the initial P-wave peak yields a particle velocity sensitivity of 2.34-V output per mm/s, which compares with a displacement sensitivity of 5.96 V/nm.
CONCLUSIONS
The design for an embedded sensor presented here represents a feasible starting point for a high-fidelity AE sensor. The design permits the sensor to be mounted inside a predrilled, flat-bottom hole in the material being tested. It was shown that the embeddable sensor produces a signal directly proportional to actual particle motion. Comparison with theory shows an embedded particle velocity sensitivity of 2.34-V output per mm/s and to be virtually identical to the theoretical prediction. NIST calibration gives a surface sensitivity of 2820 V/mm.
Details of the design and construction have been presented. It is stated that precise bonding between the backing mass and the piezoelectric element is the single most important detail of construction. The sensor has been proof-tested under 1.4 MPa of brine with no degradation of the sensor. The sensor has also been proven experimentally robust by Shell E&P, where several sensors have been embedded and removed by overcoring numerous times, resulting only in degradation of the thin brass wearplate.
The durability, sensitivity, and accuracy of the embeddable sensor has been proven, and it is now ready for field applications. Potential applications for the embedded sensor include monitoring of concrete structures and highway bridges, monitoring of composite transportation structures, and monitoring of tunnels and other geologic structures.
ACKNOWLEDGMENTS
Funding for this research was provided by the GRI and Shell Exploration and Production Co., and by matching funds from the National Science Foundation Young Investigator Program. Many of the manufacturing procedures used to build the embeddable sensor were developed by the staff at the NIST, Materials Reliability Division, Boulder, Colorado. We thank all these organizations and, more importantly, the individuals we work with for their technical assistance and support.
